During fin morphogenesis, several mesenchyme condensations occur to give rise to the dermal skeleton. Although each of them seems to create distinctive and unique structures, they all follow the premises of the same morphogenetic principle. Holmgren's principle of delamination was first proposed to describe the morphogenesis of skeletal elements of the cranium, but Jarvik extended it to the development of the fin exoskeleton. Since then, some cellular or molecular explanations, such as the "flypaper" model (Thorogood et al.), or the evolutionary description by Moss, have tried to clarify this topic. In this article, we review new data from zebrafish studies to meet these criteria described by Holmgren and other authors. The variety of cell lineages involved in these skeletogenic condensations sheds light on an open discussion of the contributions of mesoderm-versus neural crest-derived cell lineages to the development of the head and trunk skeleton. Moreover, we discuss emerging molecular studies that are disclosing conserved regulatory mechanisms for dermal skeletogenesis and similarities during fin development and regeneration, which may have important implications in the potential use of the zebrafish fin as a model for regenerative medicine.
Introduction
In a seminal paper (1940), Holmgren stated: "the differentiation of the neural crest mesenchyme takes place successively by delamination of cell laminas". Studying the development of the skull in sharks and rays, this researcher observed that four different cell laminas of various types of bone and cartilage successively appeared to generate the cranial skeleton and part of the meninges. Once formed, each cell lamina "sank in" toward the brain letting a new wave of delamination take place. The first delamination wave formed the rudiments of the orbital cartilage, the medial part of the tenia marginalis, the anterior part of the trabeculae, the trabecular commissure, the rostral plate and the dorsal and lateral parts of the auditory capsule. The supra-orbital cartilage and the lamina orbitonasalis were formed by the second delamination wave, while the antorbital cartilage and the rostral appendix were generated by the third delamination wave. Finally, the placoid scales and the envelopes of the sensory canals were formed by the fourth delamination wave. These delaminations, which are necessary for the formation of all skeletal components of the cranium, occur by mesenchyme condensation beneath the ectoderm. Each one involves a very restricted region of the embryo where other condensations may also occur at later stages. This classic description by Holmgren thus provides a special perspective to study the development of the craniofacial skeleton (Holmgren, 1940) . Since this early study, mesenchyme condensations have been found in many other organs and developmental stages of the embryo. After Holmgren's paper, Erik Jarvik proposed in 1959 that the above-mentioned interpretation should be named "Holmgren's principle of delamination" and that this could also be applied to the generation of the actinopterygian fins. After a profound paleontological study, Jarvik suggested that different delamination events could be the basis of the formation of the exoskeletal component of fins from elasmobrachii to teleostei. This exoskeleton involves the ceratotrichia, the actinotrichia, the lepidotrichia, the camptotrichia, the scales, the scutes, the spines and the dental plates. In Jarvik's discussion, other potential neural crest-derived tissues, such as the dermal bones of fish, the heads of armadillos, the antlers of deer or the shells of turtles, were also dependent on this process (Jarvik, 1959) . In the early actinopterygian fishes, the dermal skeleton usually showed the odontogenic tissues, dentine and enamel, deposited over the bone. Whereas these odontogenic tissues have been proposed to evolve from a common ancestral tissue, the odontode (Reif, 1982; Sire and Huysseune, 2003; Sire et al., 2009 ), there is not such a hypothesis for the osteogenic component. Following this view, the search for a common mechanism underlying mesenchyme condensation in head and fins should disclose features of an ancestral osteogenic delamination.
The molecular paradigm is using the zebrafish, Danio rerio, as a model species for studies of fish development in Teleostomi. In recent years, developmental genetics has provided a better understanding of the morphogenesis of many organs. Old questions, such as fin skeletogenesis, are now amenable to re-evaluation (Akimenko et al., 2003) . As an example, fin delaminations in zebrafish, now described in cellular and molecular terms, could be re-evaluated under the classical Holmgren's proposal. In this review, we will briefly describe advances in craniofacial condensation studies and then those on fin exoskeletal delaminations, subjects poorly studied until now. Unfortunately, the zebrafish fin exoskeleton only shows actinotrichia, lepidotrichia and scales. In order to study the other elements of the fin exoskeleton in the future, this comparative approach should be applied to appropriate fish species.
On the one hand, the cranial bones in zebrafish have been the subject of a number of developmental and regenerative studies ( Fig. 1A-D ; e.g. Cubbage and Mabee, 1996; Geurtzen et al., 2014; Kague et al., 2012; Tran et al., 2010; Verreijdt et al., 2006) . These authors describe that bones are derived from either neural crest or mesoderm cells ( Fig. 1E, F ; Kague et al., 2012) . However, important variations in origin are observed when bones in the zebrafish are compared with those in other vertebrate species (see Hall, 2005) . Nevertheless, these cell lineages have not been studied in much detail and only a small number of gene functions have been published. For instance, in mammals, a specific ectomesenchymal stem cell lineage has been shown to give rise to a final osteoblast that synthesizes the cranial bone (Bhatt et al., 2013; Bronner and LeDouarin, 2012; Simões-Costa and Bronner, 2013) , but this is not known in zebrafish in such detail.
On the other hand, many molecular and developmental studies have focused on the formation of rays and scales during embryogenesis (rev. Marí-Beffa and Murciano, 2010; Sire and Akimenko, 2004) or regeneration (rev. Akimenko et al., 2003; Iovine, 2007; Marí-Beffa and Murciano, 2010) . The rays are the dermoskeletal elements of the fins of actinopterygians and show actinotrichia and lepidotrichia, two fish-specific skeletal tissues. Scales are also present beneath the epidermis, in proximal positions of the fins ( Fig. 2A) and over the whole body. Different cell lineages have also been described to occur during fin development and regeneration (Knopf et al., 2011; Sousa et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) , but their embryological origin from either neural crest or mesoderm is under intense debate (Kague et al., 2012; Lee et al., 2013a Lee et al., , 2013b Shimada et al., 2013; Smith et al., 1994) .
In this review, we will show that the sorting out of different cell lineages, epidermis/ectoderm-mesenchyme signaling and cell-basement membrane interactions are at the heart of the mesenchyme condensations that occur during both cranial and fin delaminations. Understanding the molecular and cellular similarities between cranial (e.g. Abzhanov and Tabin, 2004; Abzhanov et al., 2007; Bhatt et al., 2013; Tran et al., 2010) and fin (e.g. Lee et al., 2005; Quint et al., 2002; Smith et al., 2006) mesenchyme condensations is crucial to search for the evolutionary origin of these morphogenetic movements.
Mesenchyme condensations during cranial delaminations involve the recruitment of cell lineages from different embryonic origins
The zebrafish craniofacial skeleton is a complex structure of 43 endochondral bones, 29 dermal bones, one membrane bone, one perichordal bone and about 20 cartilage structures . The craniofacial skeleton protects the brain and sensory organs, is associated with the buccopharyngeal cavity and forms the ectomesenchymal skeleton of the face. During craniofacial development, the pharyngeal arches are populated with migrating mesenchyme cells. These cells first condensate and then initiate chondrogenesis. Several cellular processes have been described during these delaminations: cell lineage sorting out, cell-extracellular matrix (ECM) interaction, cell condensation, cell polarization, ECM deposition and cell differentiation (Verreijdt et al., 2006) . These delaminations occur in situ, inherit positional cues from the early embryo and are influenced by competent surrounding tissues (e.g. Eberhart et al., 2006) . Most cartilages in the zebrafish skull are lately replaced by osteoblasts (see Hall, 2005; Neuhauss et al., 1996) but we will exclusively focus our review on the condensation of the pre-skeletogenic mesenchyme, not on later skeletogenesis.
Although the early formation of the chondrocranium and pharyngeal arches in zebrafish has been described in depth (e.g. Kimmel et al., 1995; Neuhauss et al., 1996) , the bones with potential homology to those of Holmgren's series (Holmgren, 1940 ) have only been indirectly described . In Fig. 1A -D, we show a zebrafish developmental series that is partially homologous to that described by Holmgren in sharks and rays. It is important to follow the correct order of appearance and not the order of ossification, as this may be altered in some instances during lateral growth of previously differentiated cartilage or bone (see Cubbage and Mabee, 1996) .
The different elements of the orbital cartilage appear early in development. A first delamination at the developmental stage of 4 mm notochord length (NL) forms the taenia marginales anterior and posterior, the trabeculae cranii, the trabecula communis, the ethmoid plate and the auditory capsule (Fig. 1A ) (e.g. Cubbage and Mabee, 1996; Neuhauss et al., 1996; Wada et al., 2005) . Then, the lamina orbitonasalis and the supraorbital (Fig. 1B, C) are chondrified at 5.6 mm and 7.6-8 mm NL sizes, respectively, but the lamina orbitonasalis appears as a perpendicular projection of the ethmoid plate and the supraorbital differentiates after a second delamination which forms the frontal bone (Fig. 1C) . Simultaneously, bones neighboring these positions, such as the first infraorbital bone, appear over the lamina orbitonasalis (6.8 and 10.8 mm NL, Fig. 1C ) to further constitute a third delamination. In sharks and rays, this third delamination is characterized by the formation of the antorbital bone and the rostral appendices, but to our knowledge there are no homologous bones in zebrafish. Finally, during the last delamination, the lateral line canals and foramina, such as those generated in the infraorbital (Fig. 1D) or the supraorbital, are formed. In fishes, several lateral line placodes of sensory neuromasts, as in zebrafish, or ampullary organs, as in other bony fishes, can be observed. These placodes first generate the pored lateral line canals and then caudally migrate to give rise to the lateral line, which then invades the caudal fin (Piotrowski and Baker, 2014) . These canals are holes that are excavated in several cranial bones or specific scales. These canals comprise two perpendicular bone lips that gradually surround the epithelia canal or form foramina around the neuroblast organs (Webb and Shirey, 2003) . These canals and foramina are the result of a secondary formation of bone and complete the fourth delamination during zebrafish cranium formation.
Genetic labeling of migrating cells has been applied to study zebrafish cranium development (Kague et al., 2012) showing that the neural crest contributes to the formation of the calvariae. This study supports the notion that the anterior zebrafish cranium is of neural crest origin whereas the posterior cranium is of mesodermal origin ( Fig. 1E, F ; Kague et al., 2012) . Interestingly, the frontal bone comprises cells from both origins (Fig. 1E) . In principle, this suggests that zebrafish cranial bones may differentiate in an orchestrated manner irrespective of the origin of the osteoblasts (see Hall, 2005) . On the one hand, during the population of pharyngeal arches in mammals, an ectomesenchymal stem cell is formed which gives rise to osteochondral progenitor cells that finally differentiate into the dermal osteoblasts (Abzhanov et al., 2007; Bhatt et al., 2013; Partanen et al., 1998) . Besides forming cartilage or bone, these neural crest-derived cells have been shown to give rise to tendon, connective tissue, neuron, glia, melanocyte, endocrine and adipose cell lineages (Bhatt et al., 2013; Bronner and LeDouarin, 2012; Simões-Costa and Bronner, 2013) . On the other hand, a mesoderm-derived hSKP cell type (human skinderived precursor) has shown both functional (Lavoie et al., 2009) and transcriptional similarities (De Kock et al., 2012) with neural crest stem cells. All these cell potencies are strongly suggestive of a well-orchestrated regulation of these cell lineages. In order to understand this regulation, mesenchyme condensation sites have been experimentally studied (rev. Hall, 2005) .
According to studies in the mandible, maxilla or otic capsule of several vertebrate species including fishes, the ectoderm Hall, 2005) . This ectoderm further induces the position and size of a primary condensation of mesenchyme cells and responds to signals from it. In the trout, Benoit (1960) found that the ectoderm of the otic vesicle provides positional cues for both otic capsule formation and chondrogenesis. Also, neuromasts have been proposed to induce cell aggregation in Salmo (De Villers, 1947 , 1965 and bone cavitation in goldfish (Merriless, 1975) during the formation of the lateral line canal. Moss (1968) proposed that the evolutionary understanding of the interactions involved in mesenchyme condensations would require better knowledge of the acquisition of cell competence. In order to explain the selective adherence to the basement membrane of mesenchyme during cranial development, Thorogood et al. (1986; Thorogood, 1988) proposed "the flypaper model" (see Szabo-Rogers et al., 2010) . This model proposes that type II collagen in the basement membrane is important for mesenchyme condensation. This collagen indeed shows specific binding-domains for anchorin C-2 receptors of chondrogenic or osteogenic mesenchyme cells during condensation (Hofmann et al., 1992) . The embryonic synthesis of anchorin C-2 would provide competence to mesenchyme cells, and its binding to type II collagen would initiate the formation of each cranial cell lamina. However, the molecular evidence of this model has been in doubt (rev. Hall, 2005) . For example, Yan et al. (1995) found that type II collagen is expressed in condensation sites during zebrafish embryogenesis, but they also found expression in other regions of the embryo. Despite this lack of specificity of type II collagen expression, the "flypaper" model provides a good starting point for a comparative analysis of the ectoderm-mesenchyme interactions involved in skeletogenic condensations. A second set of evidence for the "flypaper" model was obtained from tissue removal experiments in chick embryos by Schowing (1986) who showed that many different bones in chick crania, e.g. frontal, occipital, parietal, or basisphenoid bone, are also induced by the underlying brain and notochord (see Hall, 1978) . Although there is a lack of clear molecular evidence on the potential induction of these bones by the zebrafish brain, both face ectoderm and pharyngeal endoderm have also been shown to regulate craniofacial development (e.g. 
2005)
. From the study of these inductions, Fgfs (David et al., 2002; Sperber and Dawid, 2008) , Bmp4 (Piotrowski and Nüsslein-Volhard, 2000; Sperber and Dawid, 2008) and Shh (Eberhart et al., 2006) arise as important mediators of craniofacial development. This is in agreement with studies on cranial bones of other vertebrate species (e.g. Creuzet et al., 2005; Kumar et al., 2012; Veistinen et al., 2012) . Furthermore, Dlx5 and Sox9a/b are transcription factors associated with chondrogenic condensations and mesenchyme viability during craniofacial development in zebrafish (Chiang et al., 2001; Verreijdt et al., 2006; Yan et al., 2005) . These inductions in craniofacial osteogenesis in zebrafish (Flores et al., 2006) or cranial development in medaka (Renn and Winkler, 2009 ) may finally activate Runx2a/b and Osterix transcription factors, well-known regulators of osteoblast differentiation or osteocyte maintenance. During this process, the expression of several other molecules, such as Col2a1, has also been described to be regulated (Kumar et al., 2012) . The suggested hierarchy of gene activities or patterns of expression is in agreement with the wellknown genetic pathway that regulates cranial bone differentiation in mammals (Abzhanov and Tabin, 2004; Abzhanov et al., 2007; Bhatt et al., 2013; Chen et al., 2012; Huang et al., 2007; Miraoui and Marie, 2010; Tran et al., 2010) .
Delaminations during fin morphogenesis
As stated above, the fin exoskeleton comprises the distal actinotrichia, the segmented and branched rays, and the proximal scales ( Fig. 2A) . During fin development and regeneration in actinopterygian fishes, primary delaminations sort out three specific cell lineages to give rise to the exoskeleton (Fig. 2B) : the actinotrichia-forming cells, the lepidotrichia osteoblasts and the scale-forming cells. The origin of these cell types has been the subject of a recent interesting debate.
Peter Throrogood and colleagues first found neural crest cells in the caudal fin mesenchyme of the zebrafish (Smith et al., 1994) . This evidence is in agreement with recent genetic labeling experiments, which also suggest a neural crest origin of cells in the caudal fin lepidotrichia (Kague et al., 2012) and pectoral fin buds (Pietsch et al., 2006) . However, new experiments contradict these conclusions. Two different research groups have independently shown in zebrafish (Lee et al., 2013a) and medaka (Shimada et al., 2013 ) that trunk neural crest cells do not generate median fin rays or scales. During their experiments, they genetically labeled both trunk neural crest and mesoderm cells to show that only labeled paraxial mesoderm cells were found in dermal fin rays and scales (Lee et al., 2013b; Shimada et al., 2013) . In light of these contradictory findings, any statement on this topic should await further research.
Besides these contradicting arguments, nine different cell lineages have been found during late development and regeneration of the fin in zebrafish: epidermal cells, lepidotrichia osteoblasts, endothelial cells, melanocytes/xanthophores, iridiophores, intra-ray glia, lateral line, resident blood cells, and dermal fibroblasts (Knopf et al., 2011; Sousa et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) . Among these cell lineages, only actinotrichia-forming cells from the fibroblast lineage have been traced back to the mesenchyme in the larval fin (Lee et al., 2013a) . Among the rest, only lepidotrichia osteoblasts have been shown to derive from somitic mesoderm lineages that may invade the caudal fin late (Lee et al., 2013a (Lee et al., , 2013b . Although no clear relationship has been established between the other cell lineages and their embryonic origins, a clear conclusion seems to arise regarding fin delaminations: actinotrichia forming cells and lepidotrichia osteoblasts constitute two different cell lineages since early ray development (Lee et al., 2013a; Tu and Johnson, 2011) . Further studies should discriminate between scale-forming and lepidotrichia osteoblast lineages (Shimada et al., 2013) , and between the embryonic origin of the different cell lineages of the caudal fin.
Besides this cellular evidence, an increasing number of studies on gene functions have also been published (e.g. rev. Iovine, 2007; Iovine et al., 2005; Lee et al., 2005 Lee et al., , 2009 Marí-Beffa and Murciano, 2010; Quint et al., 2002; Yan et al., 2005) . This cellular and molecular data can be used for a preliminary comparison of these mesenchyme condensations.
4.
The first delamination in fin skeleton is regulated by epidermal signaling and cellextracellular matrix interactions
The first fin delamination happens during the formation of the fin fold and is initiated by the formation of the actinotrichia. In zebrafish and medaka (Matsumoto et al., 2012) , the fin fold ectoderm expresses two collagen genes, col2a1b and col1a1a. These collagens and the actinodin genes expressed in zebrafish (Zhang et al., 2010) are all involved in actinotrichia synthesis according to morpholino studies Zhang et al., 2010) . During this process, the basement membrane is almost absent and actinotrichia are strictly located beneath the basal lamina of the ectodermal layer (Géraudie, 1977; Webb et al., 2007) . The lack of basement membrane is necessary for the correct formation of actinotrichia as disclosed by the phenotype of the laminin 5 mutant. This mutant shows an irregular basal lamina and basement membrane-like accumulations of ECM which affect actinotrichia and fin fold formation (Webb et al., 2007) . From these results, both collagens and actinodins are thought to freely diffuse through the basal lamina without basement membrane and to self organize into the actinotrichia in the fin fold space. In a second stage, mesenchyme cells migrate over the actinotrichia bundle and the proper delamination starts (Jarvik, 1959; Wood and Thorogood, 1984) . During this migration through the actinotrichia, mesenchyme cells of the fibroblast lineage (Tu and Johnson, 2011 ) also become actinotrichia forming cells (AFCs) expressing actinodins and collagens Zhang et al., 2010) . During this process, the actinotrichia separates from the epidermis, making the mesenchyme entirely responsible for the growth of the actinotrichia (Grandel and Schulte-Merker, 1998) .
During regeneration, actinotrichia formation and fibroblast delamination recapitulate fin development only partially. After fin amputation, a blastema is formed from fibroblastoid dedifferentiated cells migrating from the stump. In the distal positions of the blastema, only fibroblasts are found (Tu and Johnson, 2011) , but a marginal osteoblast lineage initiates a delamination earlier than that of actinotrichia forming cells. This means that during early regeneration, osteoblasts are already present in the fin blastema when actinotrichia are first formed. Nevertheless, epidermal cells express actinotrichia collagens both earlier than fibroblasts, as they reach the basal lamina to collaborate in actinotrichia synthesis, and earlier than lepidotrichia formation (Figs. 2B and 3A; Durán et al., 2011) . Irrespective of this suggestion of a partial recapitulation, the adjoining of fibroblasts to the actinotrichia bundle is the first morphological sign of this delamination during fin regeneration (Delamination 1 in Fig. 2B ). Following this delamination, the subsequent sink-in of the actinotrichia layer occurs by basement membrane thickening (Fig. 3B) and osteoblast migration. This process has also been described in other fish species (e.g. Bechara et al., 2000; Jarvik, 1959) . In this way, the first delamination is completed as a distoproximal process. During this process, actinotrichia-forming cells should not be considered to be irreversibly specified (Tu and Johnson, 2011) as they finally differentiate, according to position, into the loose connective tissue fibroblasts. This interpretation is in agreement with the continuous actinotrichia turnover that maintains them in distal positions during fin outgrowth (Marí-Beffa et al., 1989) .
During late development and adult regeneration of the caudal fin of zebrafish, actinotrichia are indeed maintained in distal positions. During fin regeneration, actinotrichia are in steady-state equilibrium: they are synthesized by actinotrichia-forming cells from their inner margin and potentially degraded by osteoblasts from the opposite margin. This is supported by both radioactive Marí-Beffa et al., 1989 ) and gene expression ) studies. A pulse-chase experiment in Xiphophorus maculatus showed that actinotrichia turnover occurs by continuous synthesis and degradation of collagen during fin regeneration. As synthesis in zebrafish occurs internal to the actinotrichia (Durán et al., 2011) and their cross-sections are always circular, degradation must occur in external positions. Moreover, radio-autographic dots in Xiphophorus experiment were found to change both along the longitudinal and the transversal structure of the actinotrichia fibrils (Marí-Beffa et al., 1989) , suggesting that the distal maintenance of actinotrichia might be regulated by innerdistal synthesis and outer-proximal degradation by surrounding mesenchyme. This polarized turnover of actinotrichia synthesis is potentially caused by the orientation of each delamination event and the opposing activities of the cell lineages involved. In support of this, two matrix metalloproteinases and one specific inhibitor are expressed in the fin blastema during regeneration in zebrafish to potentially mediate the degrading activity (Bai et al., 2005) .
Regarding potential signals regulating these AFC condensations, the Shh pathway seems to be important for actinotrichia synthesis. Chemical inhibition of Shh signaling during zebrafish fin regeneration leads to a reduction of actinotrichia fibrils (Quint et al., 2002) . shh is expressed in the basal epidermal layer, suggesting that epidermis signaling may play a role in regulating actinotrichia turnover in the blastema. Nevertheless, a complex transcription profile involving many other potential signals has been described in both fin fold (Yoshinari et al., 2009 ) and blastema epidermis (Lee et al., 2009) , precluding conclusions on a direct activity of the Shh pathway. Furthermore, dlx5a/dlx6a (Heude et al., 2014) , sox9a and sox9b (Yan et al., 2005) have been genetically shown to be involved in actinotrichia formation during fin fold development and dlx5a has been shown to be expressed in domains similar to those of AFCs and osteoblast condensations during fin regeneration (Yoshinari et al., 2009 ). Both gene expression and functional studies suggest that these transcription factors regulate the synthesis of actinotrichia in both epidermis (dlx5a) and mesenchyme (dlx5a, sox9a, sox9b). Indeed, both sox9a and sox9b have been found to regulate transcription of col2a1, one of the collagen genes involved in actinotrichia formation , and dlx5a/dlx6b to regulate expression of and1 (an actinodin gene, Heude et al., 2014) as well as other related genes during fin development. These could be the first elements of a genetic hierarchy providing competence for condensation to AFCs. These morphological and regulatory similarities between fin development and regeneration suggest that the recapitulation of fin development during regeneration involves actinotrichia formation and delamination of cells from the fibroblast lineage.
5.
A second delamination generates lepidotrichia A second mesenchyme delamination was also proposed by Jarvik to occur during the synthesis of the developing lepidotrichia. This process initiates with the attachment of preosteogenic mesenchyme cells to the basement membrane to become lepidotrichia osteoblasts. These mesenchyme cells invade the space between actinotrichia and the basal lamina to generate a new cell lamina (Fig. 3C ). During development (Grandel and Schulte-Merker, 1998) and regeneration (see Becerra et al., 1996; Géraudie, 1983 ), the pre-specified lepidotrichia osteoblasts initiate the synthesis of the lepidotrichia from its inner surface (Delamination 2 in Fig. 2B ).
During this second fin delamination in zebrafish, two synthesizing mesenchyme laminas co-exist: one adjoining lamina that secretes actinotrichia, and another more peripheral lamina, which synthesizes the lepidotrichia. Both cell laminas are attached to the dermoskeleton from inner positions. As with actinotrichia, lepidotrichia is initially formed from the inner side, secreting the extracellular matrix between the osteoblast layer and the basement membrane. Then, osteoblasts migrate to the outer side of the incipient lepidotrichia to form the exterior face of the lepidotrichia. This second wave of migration of mesenchymal cells detaches the lepidotrichia from the basement membrane (Grandel and Schulte-Merker, 1998) .
When blastema cells of lepidotrichia osteoblast lineages adjoin the basement membrane, they both express col2a1b and col1a1a genes (Fig. 3D ) and generate numerous filopodia (Fig. 3E) . Moreover, the basal layer of the neighbor epidermis also expresses col2a1b . This suggests that a thickened Col2a1b-rich basement membrane might prevent actinotrichia formation and allow a migratory substratum, two processes very important to understanding mesenchyme condensations. These condensing pre-osteoblasts also show a highly polarized morphology prior to becoming lepidotrichia forming cells in other fish species Bechara et al., 2000 ; Fig. 3E ). Some observations suggest that these filopodia readily disappear once the osteoblasts start to synthesize lepidotrichia Bechara et al., 2000) . The filopodia-associated mobility may be controlled by local signals, such as fibronectin, in the thickened basement membrane. These two delaminations are always preceded by either the thickening of basement membrane or the appearance of actinotrichia. This transmission electron microscopy and molecular evidence strongly support a potential application of the "flypaper model" (Thorogood, 1988; Thorogood et al., 1986) to the osteoblast delamination in the caudal fin of zebrafish.
As suggested by cell labeling and staining with several markers, a sorting out of osteoblast cell lineages occurs during blastema formation after fin amputation (Knopf et al., 2011; Sousa et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) and during repair of fin fractures (Geurtzen et al., 2014) . In zebrafish, sorting out has been previously explained by differential expression of cadherin transmembrane proteins (Aamar and Dawid, 2008; Kubota et al., 2008; Liu et al., 2003) . Furthermore, non-osteoblast cells have been shown to revert to an osteoblast lineage if endogenous osteoblasts are either experimentally ablated (Nabrit, 1931; Shao et al., 2009) or genetically destroyed (Singh et al., 2012) during fin regeneration. Among many possibilities, this can be explained by the involvement of ectoderm-mesenchyme interactions controlling the sorting-out of each cell lineage. Regarding this, previous results profoundly support a regulatory foundation of blastema patterning as dependent on epidermis signaling as well as on ray-interray interactions during regeneration (Akimenko et al., 2003; Goss and Stagg, 1957; Kemp and Park, 1970; Laforest et al., 1998; Marí-Beffa and Murciano, 2010; Morgan, 1902; Murciano et al., 2002 Murciano et al., , 2007 Nabrit, 1929; Quint et al., 2002) . As in cranial delaminations, epidermis-mesenchyme interactions have also been shown to be necessary for the patterning and size of pre-osteoblast mesenchyme condensations (rev. Marí-Beffa and Murciano, 2010; Zhang et al., 2012) . Whether these inter-tissue interactions are involved in the sorting out, the specification, the patterning and/or the growth control of the nine different cell lineages is still under study (see Knopf et al., 2011; Sousa et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) .
Based on the expression of Shh pathway genes (Laforest et al., 1998; Quint et al., 2002 ), Akimenko's group has provided strong evidence that Shh acts as a short-range signal from the epidermis that translocates across the basal lamina and probably the basement membrane to activate bmp2b transcription in lepidotrichia osteoblasts. They have shown that the experimental reduction of Bmp activity in fin blastema downregulates runx2a and runx2b expression in osteoblasts (Smith et al., 2006) . However, when shh is over-expressed by plasmid injection in all, or most, cell lineages of the fin blastema (Quint et al., 2002) , a new lepidotrichia is formed only underneath the basement membrane. These phenomena could be easily explained if competent osteoblasts specifically adjoin the basement membrane, sorting out the rest of the cell lineages as the "flypaper model" states. Besides col2a1 and shh pathway genes, other signals, such as Wnt5b, several Fgfs, Retinoic acid enzymes, Ihh, or other Bmps are expressed by blastema cells or the distal epidermis Blum and Begemann, 2012; rev. Iovine, 2007; Knopf et al., 2011; Marí-Beffa and Murciano, 2010; Smith et al., 2008) . These signals are expressed either in the epidermal basal layer or in the ectomesenchyme, and several functional studies suggest their involvement in osteoblast condensation and differentiation during fin development and regeneration.
Fgf24 regulates early development of pectoral fin bud in zebrafish mediating ectoderm-mesenchyme interactions (Fisher et al., 2003; Harvey and Logan, 2006; Mercader et al., 2006) , but this protein also regulates the formation of the dermal skeleton (Draper et al., 2003) during late development. Fgf20, which is expressed in the epidermis covering the distal blastema, also regulates caudal fin regeneration (Whitehead et al., 2005) . A potential receptor of these genes, Fgfr1, has been shown to regulate shh expression by the activity of wnt5b during fin regeneration (Lee et al., 2009) . During development and regeneration, transcription factors such as sox9a/b (Smith et al., 2006; Yan et al., 2005) , dlx or hox genes (rev. Marí-Beffa and Murciano, 2010) are also involved. Finally osteogenic genes, such as runx2a, runx2b and sp7 (osterix), which are expressed during early osteoblast condensations in zebrafish (Brown et al., 2009; Geurtzen et al., 2014; Knopf et al., 2011; Smith et al., 2006; Stewart and Stankunas, 2012) or medaka (Renn and Winkler, 2009) , have been proposed to regulate osteoblast differentiation. These genes would activate several other genes normally involved in the synthesis (Padhi et al., 2004) and calcification (Estêvão et al., 2011; Geurtzen et al., 2014; Sousa et al., 2011) of bone or cartilage that have also been detected at late stages of lepidotrichial formation. These signals and transcription factors are almost identical to those acting during cranial delaminations in both fish and higher vertebrates (see references above) and could comprise the first elements of an ancient mesenchyme condensation genetic module.
In summary, nine cell lineages are specified very early from the neural crest, mesoderm or ectoderm. These cell lineages sort out prior to delamination. Ectoderm/epidermismesenchyme interactions are also involved in this process. These interactions may be mediated by specific signaling molecules, such as Shh, Fgfs or Bmps, which would activate transcription factors such as Dlx5a, Sox9a/b, Runx2 or Osterix, but they might also depend on collagen-dependent interactions between osteoblasts and the basement membrane.
Scale delamination
A third delamination process generates the third skeletal element, the scales, which cover the skin of the fishes (Jarvik, 1959; Sire et al., 1997a) . Most teleost fishes show elasmoid scales arranged in a regular pattern in the dermis. This type of scale is present in zebrafish and can be found in proximal regions of the caudal fin. During development, the mesenchyme cells adjoin the basement membrane and generate a mass of two cell layers in the dermal papillae. As these cells adhere to the basement membrane, they show a polarized morphology with filopodia (Fig. 3F) . The scale is synthesized in between the two cell layers, first from the outer side and then from its inner margin. This sequential synthesis from both populations of scale-forming cells enlarges the scale until reaching its natural extension (Sire and Akimenko, 2004; Sire et al., 1997a) . Once the scale is extended in diameter, basal elasmoblasts synthesize the poorly-mineralized elasmodin layers, which increase the scale in thickness. Finally, a limiting layer of hypermineralized non-collagenous ECM is deposited externally in connection with the basement membrane. These mesenchyme laminas do not finally detach the basal lamina during the formation of the final scale except for the synthesis of a special extracellular matrix (Sire and Akimenko, 2004; Sire et al., 1997a) . This third delamination is the last of these successive lamina formations, which can be observed during fin development (Delamination 3 in Fig. 2B ).
Scale development is mimicked during scale regeneration. If a scale is experimentally detached from its epidermal pocket, regeneration takes place to replace the scale pattern and size. During this process, clusters of scale-forming cells differentiate in the posterior region of the scale pocket under the regenerated epidermis. These clusters initiate ECM deposition in between them, secreting the superficial bony layer first and then the basal lamina (Ohira et al., 2007) in several stages, similar to those observed during ontogeny.
Scale-forming cells and elasmoblasts have been considered to be derived from the neural crest based on indirect observations of fish pigment tumors forming scales in vitro (Matsumoto et al., 1983) . However, Shimada et al. (2013) and Lee et al. (2013b) have provided conclusive evidence of the somitic mesoderm origin of these cells using genetic labeling experiments. This is in clear disagreement with the classical view of scales as elements of the trunk neural crest-derived ectomesechyme (e.g. Holmgren, 1940; Jarvik, 1959) .
Regarding the signaling pathway that regulates scale formation, several studies have disclosed a number of developmental genes that are expressed during squamation. Both during acceleration of adult zebrafish scales in a centrifuge (Kitamura et al., 2013) and early scale regeneration in Carassius auratus (Thamamongood et al., 2012) , Dlx5 is expressed. During later stages of scale development and regeneration, Shh signal is expressed in the basal layer of the epidermis that covers the papillae (Sire and Akimenko, 2004; Sire et al., 1997b) . This late expression has led Sire and Akimenko (2004) to propose that Shh regulates scale morphogenesis or differentiation, but not mesenchyme delaminations. Furthermore, runx2a/b genes, during development and regeneration, and osterix gene, only during regeneration of scales, are also expressed in Carassius auratus (Thamamongood et al., 2012) . During scale development in Oryzias latipes, osterix gene expression has also been detected (Renn and Winkler, 2009) . Moreover, expression of collagen type I has also been found during acceleration of adult zebrafish scales in zebrafish (Kitamura et al., 2013) and goldfish development (Zylberberg et al., 1992) . Finally, matrix metalloproteinases are also expressed during scale development and regeneration in zebrafish (De Vrieze et al., 2011) . These gene expressions are in agreement with a conserved genetic regulation using Dlx5, Shh, Runx2a/b, osterix and collagens in the delaminations reviewed here.
7.
Two secondary delaminations could generate the outer lepidotrichia osteoblast layer and the ray joint Two other potential delamination events have also been described in zebrafish fins. They happen during the invasion of the outer layer of lepidotrichia (Goss and Stagg, 1957; Jarvik, 1959; Kemp and Park, 1970) and during joint formation (Sims et al., 2009 ). What we consider here secondary delaminations of lepidotrichia have been previously described as part of the primary lepidotrichia delamination, however, the migratory or sink-in behavior of the involved cells has led us to propose that they are different delamination events. In the first of our secondary delaminations, partially differentiated osteoblasts migrate between the synthesized lepidotrichia and the basement membrane to synthesize the outer layer .
According to cell labeling studies, outer osteoblasts originate from the same population generated during the second delamination (Knopf et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) . This secondary movement happens once a significantly thick lepidotrichia is formed. According to histological data, Géraudie (1983) and Santamaría and Becerra (1991) proposed that this delamination occurs by migration of the osteoblasts through the lateral margins of the lepidotrichia. However, cell-labeling data (Knopf et al., 2011; Stewart and Stankunas, 2012; Tu and Johnson, 2011) also support a second wave of osteoblast recruitment from the stump. In images published by Shimada and colleagues, labeled somite cells can be observed either restricted to the outer margin or completely surrounding the lepidotrichia (Shimada et al., 2013) . This may suggest the occurrence of both migratory pathways during this delamination. Anyhow, the migration of these cells sinks in the lepidotrichia, which detaches the basal lamina to generate a new delamination (Delamination 4 in Fig. 2B ).
Another secondary delamination could be the formation of lepidotrichia joints. A study in zebrafish has proposed that jointforming cells are indeed inner osteoblasts that show a delayed sink-in after lepidotrichia formation (Sims et al., 2009) . During this process, a real cell lamina is not generated, but instead a stripe-like lamina of osteoblasts forms these joints (Delamination 5 in Fig. 2B ).
The joints of the lepidotrichia have been proven to depend on several genes (Borday et al., 2001; Sims et al., 2009) . One of them is the cx43 gene, which codes for a connexin protein that forms gap junctions in zebrafish. This gene has been shown to regulate the appearance of joints (Iovine et al., 2005) and is expressed in two different domains: a distal domain of low cell proliferation, and a small group of cells that adjoin the basal lamina where the joints will form (Sims et al., 2009 ). Furthermore, a hypothetical joint-formation pathway has been proposed to be regulated by Cx43 (Ton and Iovine, 2013) . In this proposed pathway, Cx43 would distally repress evx1, which would sequentially activate dlx5a and the matrix metalloproteinase mmp9, although other regulators may also occur (Ton and Iovine, 2013) . Although, all other morphological aspects suggest that these cells share the second delamination, their sink-in movement, an important aspect according to Jarvik (1959) , is delayed with respect to the rest of osteoblasts. For all these reasons, we consider that the discontinuous delamination of joint-forming Cx43-positive cells (Sims et al., 2009 ) is a secondary delamination event. Under our comparative study, it is interesting to state that Connexin 43 has also been shown to regulate both craniofacial development (McGonnell et al., 2001 ) at condensation stage (Minkoff et al., 1991 (Minkoff et al., , 1994 and osteoclast activity (Ilvesaro et al., 2000) .
8.
Fin delaminations occur in a conserved sixstaged process
As suggested by the data mentioned above, several mesenchyme delaminations occur during fin development and regeneration. When compared with cranial delaminations, a common scheme of six different stages arises (Fig. 4A ). These stages are: a) Determination and migration of cell lineages. As occurs during craniofacial development, it is possible to propose the existence of cell lineages that sequentially proliferate and migrate into the fin during development. Each of them is competent to give rise to one of the three different delaminations described here. b) Synthesis of subepidermal ECM. A basement membrane or a derivative, such as actinotrichia or lepidotrichia, is formed prior to the embryological process. This ECM is secreted by competent epidermal cells (Moss, 1968) and is necessary for mesenchyme delaminations to occur (see Thorogood, 1988; Thorogood et al., 1986 Following Jarvik's proposal (1959) , these molecular and cell behaviors may help to better understand the evolution of both the endo-and exoskeletons of the head and trunk. In principle, the origin of mesenchyme condensations has been proposed to evolve "probably simultaneous with the ability of the ectomesenchyme and the basal epidermal layer to interact inductively" (Moss, 1968) . The explanation of this evolutionary innovation should require better knowledge of the prepatterning mechanisms which provide competence to the inducing ectoderm or endoderm (see Gross and Hanken, 2008; Meier, 1982; Piotrowski and Nüsslein-Volhard, 2000; Trainor and Krumlauf, 2000; Wada et al., 2005) and to each mesenchyme cell lineage which condensates during the formation of the endo-and exoskeleton of the head, trunk and limbs of vertebrates (see Reif, 1982; Sire and Huysseune, 2003; Sire et al., 2009 ). Furthermore, the evolving complexity of these tissues from elasmobranch to actinopterigyan or sarcopterigyan, and finally to tetrapods, has also been proposed to appear by just increasing (i.e. three in shark fins and four or five in bony fish fins; Jarvik, 1959;  or the origin of the coracoid proposed by Andrews and Westoll, 1970) or decreasing the number of delamination events (Jarvik, 1959; rev. Mondejar et al., in preparation) , each of them changing independently. Indeed the onset of a new cell lineage (e.g. the lepidotrichia osteoblast in early Osteichthyes) or the disappearance of an old cell lineage (e.g. the same lepidotrichia osteoblast in the early tetrapods) could respectively explain how ray lepidotrichia respectively appeared and disappeared during the evolutionary origin of Osteichthyes and tetrapods. Nevertheless, the evolutionary increase of the number of delaminations of a specific tissue in the same embryonic domain (Jarvik, 1959) , or any other type of modification of these delaminations, should require the comparison of the mechanisms providing competence to the interacting tissues (Moss, 1968) .
Enough cellular and molecular information has been accumulated in favor of the general scheme of six stages. Although most of the proposals by Holmgren (1940) or Jarvik (1959) are still applicable, our view of the developmental origin of each cell type involved has significantly changed during these years. Moreover, the molecular evidence further modifies the original version of the "flypaper model" (Thorogood, 1988; Thorogood et al., 1986 ) to a more complex explanation of mesenchyme delaminations in the cranium and caudal fin (Szabo-Rogers et al., 2010) . Many new developmental genes are being studied and several signaling pathways and transcription factors are conserved in these stages of both head and fin mesenchyme condensations. The best examples are Fgfs, Bmps and Shh signals or Dlx5, Sox9a/b and Runx2/Osterix transcription factors (see references above), but many other signals, such as Wnts, or transcription factors, such as Msxs or Hoxs, could also be conserved. These functional conservations would help to better understand an ancestral osteogenic delamination module (see Sire et al., 2009 ), but their potential divergences would provide evidence for an explanation of the morphological transformations of these tissues during evolution (see Durán et al., 2011; Zhang et al., 2010) .
Finally, this complex analysis has important implications beyond the evolutionary biology of the exoskeleton. This comparative study would also help to bridge a new Evo-Devo paradigm in actinopterygian fishes with very important extrapolations to the use of zebrafish as a model for regenerative biomedical studies on dermal bones (e.g. Marí-Beffa et al., 2007) . In order to design a better treatment against dermal bone diseases in humans, previous successful examples using cranium development in zebrafish (Jeong et al., 2004; Tobin et al., 2008; Wada et al., 2005) should also include the study of trunk or fin exoskeleton. This would be a new and exciting extension of Holmgren's principle of delamination to biomedical research.
